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ABSTRACT

MODELING, DESIGN, AND TESTS OF POST-TENSIONED GLASS T-
BEAMS

Koca, Emrullah
Master of Science, Civil Engineering
Supervisor: Prof. Dr. Ahmet Tiirer

January 2019, 93 pages

Traditionally, glass is widely used in buildings as windows where its brittleness and
strength capacity are not significant. Although there is more demand for usage of glass
as a structural material, common fear of its brittle nature has mostly hindered its
structural use. Aesthetics, recyclability, and transparency are the main reasons of the
interest for glass in structural field. Moreover, glass shows significantly more benefits
for certain types of projects such as existing building extensions and historic building
preservation, where envelopments with minimal visual interruption are needed.
However, more research should be done to be able to meet the demands and benefit
from the advantages of glass. This thesis aims to enhance the use of glass as a
structural material, so a T-shaped glass beam is studied to develop a proper and safe
design. Since glass is a brittle material and has high compressive strength and lower
tensile strength, a T-beam is post-tensioned in order to increase its initial fracture
capacity and obtain ductile post-fracture performance. In this study, several material
tests are conducted to confirm the theoretical mechanical properties of glass as a
material under compression and bending (indirect tension). After obtaining
mechanical properties of the glass to be used in research, Finite Element Models
(FEMs) of the T-beams were generated and analytical hand calculations were done for
the same types of glass beams. The tests of T-shaped annealed (float) and tempered



(toughened) glass beams with and without post-tensioning were conducted. The
results of the experiments were compared with the analytical hand calculations and
FEMs. Excel based computation sheets for design process and tables for quick and

simple guide were also generated within the scope of this study.

Keywords: Post-tensioned Glass Beam, Glass as a Structural Material, Post-

tensioning, Glass Beam
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ARDGERMELI T-KESITLI KIRISLERIN MODELLENMESI, TASARIMI
VE DENEYLERI

Koca, Emrullah
Yiiksek Lisans, Insaat Miihendisligi
Tez Damismani: Prof. Dr. Ahmet Tiirer

Ocak 2019, 93 sayfa

Cam, genel olarak kirilganliginin ve mukavemet kapasitesinin ¢cok 6énemli olmadigi,
binalarin pencerelerinde kullanilir. Camin yapisal bir malzeme olarak kullanimina
iligkin talebin ¢ok olmasma ragmen, kirilganligindan kaynaklanan korku yapisal
olarak kullanimini engellemistir. Estetik, geri doniistiiriilebilirlik ve saydam olusu
camin yapisal alandaki talebin temel nedenidir. Ayrica, cam, gorsel kesintinin
minimum olmas1 gereken mevcut binalarin uzatilmasi ile tarihi yapilarin restorasyonu
gibi projelerde olduk¢a kullanigli bir malzemedir. Bununla birlikte, taleplerin
karsilanabilmesi ve camin avantajlarindan yararlanabilmek icin cam hakkinda daha
fazla arastirma yapilmalidir. Bu tez, camin yapisal bir malzeme olarak kullanimini
arttirmay1 hedeflediginden, uygun ve giivenli bir tasarim gelistirmek igin T-kesitli bir
cam kiris tizerinde calisilmistir. Cam, yiliksek basing mukavemeti ile diisiik ¢cekme
mukavemetine sahip ve kirtlgan bir malzeme oldugundan, T-kesitli kirige, baglangi¢
kirilma kapasitesini arttirmak ve slinek bir davranis elde edebilmek i¢in ardgerme
uygulanmistir. Bu ¢alismada, camin teorik mekanik 0Ozelliklerini dogrulamak
amactyla ¢esitli camlardan, basing ve egilme testleri gergeklestirilmistir. Caligsmalarda
kullanilacak camin mekanik o6zellikleri tespit edildikten sonra, T-kesitli camlarin
sonlu elemanlar modelleri tasarlanmis ve aymi boyuttaki kirislerin el hesaplar

yapilmigtir. Ardgermeli ve ardgermesiz T-kesitli diiz ve temperli cam kirislerin

vii



deneyleri gergeklestirilmis, sonuglar el hesaplari ve analitik modeller ile
karsilastirilmistir. Bu ¢alisma kapsaminda, tasarim stireci i¢in Excel tabanli hesaplama

sayfalari ile hizli ve basit kilavuz tablolar1 olusturulmustur.

Anahtar Kelimeler: Ardgermeli Cam Kiris, Yapisal Cam, Ardgerme, Cam Kirig
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CHAPTER 1

INTRODUCTION

In the first chapter, a brief history about glass, its types and properties as well as post-
tensioning application are introduced. Moreover, literature review carried out is

declared and the objectives and scope of the thesis are provided.
1.1. Glass as a Material

Glass is an inorganic, visco-elastic, and isotropic material which has a non-crystalline
molecular structure. The typical composition of glass consists of silica-SiO» (70-74%),
lime-CaO (5-12%), soda-Na2O (12-16%) and other chemical elements with influence
to transmittance, thermal properties, tensile strength, fracture toughness, and color etc.
Glass is a transparent material which is solid at room temperature and starts to melt at
about 600°C but liquefies completely at 1450°C to 1600°C depending on the
composition of glass. When compared with steel, steel begins to soften at about
425°C and loses about half of its strength at 650°C. Glass material is a good thermal
and electrical insulator; it can be poured, blown, and molded into plenty of shapes. At
ordinary temperatures, glass materials are relatively strong, chemically and
biologically inactive, and corrosion resistant. Considered as a structural material, no
plastic deformation occurs before the failure and it breaks suddenly unlike steel and
aluminum where plastic mechanism can be formed. Glass has a high compressive
strength and a weaker tensile strength. Stress or moment re-distribution does not occur
in glass, local and then global failure is very common in glass. On the other hand,
glass is almost ten times stronger in compression compared to tension, so the breakage
of a glass beam mostly happens due to its tension limit. That’s why, a glass beam may
be combined/supported with a material that is strong in tension in order to prevent the

immediate breakage and make it useable as a structural material.



1.2. History of Glass

In prehistoric times, glass naturally occurred near volcanic regions and formed after
lightning strikes on sand. Glass manufacturing has an old-age tradition which dates
back to around 3500 BC when glass is believed to have been first artificially produced
in Egypt and Mesopotamia to be used as jewelry and vessels. Since then the
applications of glass has increased by industrial processes. Glass buildings, primarily,
were used in cities at the beginning of 20th century. Glass construction has become
the symbol of development in many countries, where people tend to see these
buildings as symbols of affluence and luxury. Glass is all around us nowadays and
continues to offer structural solutions, either in itself or used in combination with other
materials, a trend which is very likely to continue in the future. In 1958 Pilkington and
Bickerstaff introduced the revolutionary float glass process to the world. This method
gave the sheet uniform thickness and very flat surfaces. Nowadays, as architects begin
to ask for more structural glass in their projects, engineering and manufacturing of
glass has been developed significantly by today’s high-technology. The aesthetic
result of glass as a structural member may be a totally transparent structure. One of
the first examples of glass material as a structure is the Fagus factory by Walter
Gropius of the Bauhaus group in 1926 (Figure 1). In this example, glass is not a
structural load carrying member but mainly used as exterior covering. The structural
usage of glass has many examples as well; for instance, Apple Store Building in New
York (Figure 2) is a good example where glass is used to carry building load. Glass
can be connected to almost all kinds of architectural elements, such as steel, masonry
walls, and concrete. Glass beams are mostly used to support clear glass panes because

of its transparency and other issues.
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Figure 2: Apple Store Building, Upper West Side, New York 2

1 http://moonlightspostcardblog.blogspot.com/2011/11/germany-fagus-factory-in-alfeld.html

2 http://www.mackloweproperties.com/pastProjects/projects-AppleBuilding.html
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Arab Urban Development Institute Reading Room in Riyadh is also a beautiful
example of glass usage as structural load carrying members (Figure 3). The
connections using L shaped metals and fasteners is a good example on how structural

glass members can be connected.

l

‘ 1\\\

Figure 3: Arab Urban Development Institute Reading Room, Riyadh 3

1.3. Production Process and Types of Glass

In 1958, Pilkington and Bickerstaff introduced the revolutionary float glass process to
the world. This method gave the sheet uniform thickness and very flat surfaces, so
manufacturing glass has become a common industry. Traditionally glass was made by
blowing liquid glass derived by melting sand calcium oxide and sodium carbonate to
extremely high temperatures and cooling the liquid to the desired shape. Its properties
can be identified by adding certain admixtures to the raw materials or by providing
suitable cover to meet different needs such as coloring the glass. In Pilkington Process
(Figure 4); large quantities of raw materials (clear sand, calcium oxide and sodium
carbonate) are mixed in desired proportion in a glass production plant. Certain

admixtures are added to the plant in order to identify the properties of glass. The

3 http://www.glasslimited.com/portfolio-item/glass-cube-reading-room
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mixture is then heated in a gas fired furnace or electric smelter, pot furnace or kiln.
Quartz sand without additives becomes glass at a temperature of 2300°C, adding
sodium carbonate (soda) reduces the temperature needed to produce glass to 1500°C.
A homogeneous mixture of molten glass is then formed. This mixture is then floated
on a molten tin to form glass of desired thickness. The way in which the glass is cooled
determines its strength. For example, tempered glass is produced by cooling the glass
in a rapid rate. It has to be cooled after protecting a suitable temperature i.e. it has to

be annealed. Glass making is an energy extensive process, so it requires high amount

of energy.
m Float Glass Manufactunng Process
Fumnace loading
[ Se—
Weighing \ ( l l l : “=ﬂ Quality control
\\ W Automatic cutting
m%ftgi:ls H Elapaiatels s Annealing lehr Storage...
I —— n lCOE'JCQJ\.U\)\)UOU(J\)DUJUQUU()OU(X)\‘ QOVOO
Melting of raw materials ;mgg? ;f'&‘heg :
f?oaung on a tin bath

Figure 4: Pilkington Process *

There are several types of glass such as fully tempered, heat strengthened, float,
laminated, and insulated.

Fully Tempered Glass: It is also called toughened glass. After heating float glass, it
is cooled rapidly by cold air jets. The aim of the tempering process is to create a
residual stress field in the thickness direction that has tensile stresses in the core and
compressive stresses at the surfaces of the glass (Figure 5). This result is done by fast
cooling process. If the glass is subjected to loads, cracks will not grow unless there is
a net tensile stress field at the surface of the glass. Fully tempered glass usually breaks

into small harmless pieces (Figure 6).

4 http://www.frontdesk.co.in/glass.html#.W27 Afs4zaUk
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Figure 5: Stress distribution in a tempered glass section®.

Heat Strengthened Glass: Heat strengthened glass is produced similarly as fully
tempered glass, but the cooling rate is lower. The resulting residual stress is lower,
and thus the tensile strength is lower than of fully tempered glass. At fracture, the
fragments are larger than tempered glass but smaller than float glass.

Float Glass: It is also called soda lime glass, annealed glass or clear glass. Float glass
is produced by annealing the molten glass on a bed of molten metal® (Usually molten
tin). It is produced by slowly cooling glass to avoid internal stresses. Float glass is the
most widely used glass type and is used in making canopies, shop fronts, glass blocks,
and railing partitions etc. Float glass can be manufactured in 3, 4, 5, 6, 7, 8, 10, 12,
15, 19, 25 mm thicknesses and maximum in 6.0 x 3.2 m sizes. At breakage, float glass
splits into large fragments (Figure 6).

Laminated Glass: Laminated glass consists of two or more glass panes bonded by an
interlayer. The glass panes can have different thicknesses and heat treatments.
Laminated glass is used in architectural glazing for two reasons. Firstly, if one glass
pane breaks, the remaining pane(s) can continue to carry the applied loads. Secondly,
the scattered glass pieces can stick to the interlayer and serve to prevent people from

getting injured (Figure 6). The interlayer is most often made of polyvinylbutyral

5 http://www.glazette.com/Glass-Knowledge-Bank-25/tempered-glass.html
6 https://www.youtube.com/watch?v=JMGKbrETUSM
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(PVB). The nominal thickness of a single foil of PVB is 0.38 mm. two (0.76 mm) or
four (1.52 mm) foils form one PVB interlayer. PVB is a viscoelastic material and the
physical properties depend on temperature and load duration. PVB behaves

nonlinearly when subjected to large deformations, but can be treated as a linear elastic

material when subjected to small deformations. Beside PVB interlayer materials are
Ethylene Vinyl Acetate (EVA), SentryGlas (SGP) etc.

Annealed Glass Tempered Glass Laminated Glass

Figure 6: Typical fracture shape of float, tempered and laminated glass’

Insulated Glass: An insulated glass consists of two or more glass panes with
intermediate gas space(s). Insulated glasses are mostly used for their thermal
insulation properties. The gas space is sealed and then it is filled with dehydrated air
or another gas such as krypton, argon, or xenon. The glass panes are connected using
a spacer and a sealant. It is possible to use all types of glasses in an insulated type, for

example float and laminated glasses in insulated glass.

1.4. Properties of Glass

The more transparency buildings have, the more they utilize natural energy, but
opaque structural elements block a huge amount of natural light and view. As cullet

(waste glass that is crushed to be melted to form new glass) is an essential ingredient

7 https://www.cardinalcorp.com/products/laminated-glass/
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in the manufacture of float glass, it is possible that glass application could produce
zero waste and needs minimal energy over its life cycle. Some physical properties of
glass are mentioned below one by one.

Transparency: This property allows visual connection with the outside world and
provides more energy utilization. Transparency can be permanently changed by
adding admixtures while producing glass.

U-value: The U-value is the measure of how much heat is transferred through the
glass. If the U-value is lower, it means that the glass has a better insulation property.
The U-value can be decreased by some types of insulated glass.

Greenhouse effect: The greenhouse effect refers to circumstances where the short
wavelengths of visible light from the sun pass through glass and are absorbed, but
longer infrared re-radiation from the heated objects are unable to pass through the
glass. This effect leads to more heating and a higher resultant temperature which
means energy saving as well. However, energy saving from this effect depends on the
climate and location of the structure built.

Workability: Glass is capable of being worked in many ways. It can be blown,
drawn or pressed.

Recyclability: Glass is 100% recyclable; culets are used as raw materials in glass
manufacture. This could produce zero waste which is a much more preferable
compared with some other structural materials e.g. concrete.

Visible transmittance: Visible transmittance is the fraction of visible light that
comes through the glass.

Energy efficiency and acoustic control: Energy-efficient glazing is the term used
to describe the double glazing or triple glazing use in windows. Unlike the original
single glazing or old double glazing, energy-efficient glazing incorporates coated
glass to prevent heat escaping through the windows. The air barrier also enhances
acoustic control.

Insulation: Glass is an excellent insulator against heat, electricity and
electromagnetic radiation. It has a good insulating response against visible light
transmission. Certain special type of glass has high resistance against ultra-violet,



infrared and x-ray transmission. It has an excellent resistance against sound
transmission if it is used in proper thickness.

Chemical Resistance: Glass can withstand the effect of the chemical reaction
under different environmental conditions or acidic effects. It has excellent resistance
to most chemicals, including solutions of inorganic alkalis and acids, such as sulfuric
acid and ammonia.

Color and Shape Varieties: Glass can be blown, drawn and pressed to any color,
shape, and varieties. Nowadays so many color and shape varieties are available in the
market depending upon their use, dimensional and safety requirements.

Some physical properties are explained. However considering glass as a structural
material, mechanical properties such as strength capacity may be more important.

Strength: Glass is a brittle material but certain laminates and admixtures can
increase its modulus of rupture. The strength of glass depends on manufacturing
process and types of material contents, surface condition and edge quality,
environmental condition, stress distribution on the surface, size of the stressed area,
and damage of glass surface.

Some mechanical and physical properties of glass are shown in Table 1.

Table 1: Mechanical and Physical Properties of Glass

Glass Property Value Unit
Density (p) 2500 kg/m?®
Modulus of elasticity (E) 70 GPa
Shear modulus (G) 30 GPa
Poisson's ratio (v) 0.23 -
Coefficient of thermal expansion (or) 9*10° Kt
Thermal conductivity (L) 1 W/(mK)
Emissivity (€) 0.89 -
Tensile strength (ocik) (Float Glass) 40-50 MPa
Tensile strength (oct) (Tempered Glass) 120 MPa
Compressive strength (ock) 400-800 MPa




Typical stress-strain curves of structural materials such as glass, concrete, steel and
timber are displayed in Figure 7. It should be noted that the graphs are not scaled. It
can be inferred from the graphs that glass is the most brittle material among the
materials compared. However, it should be pointed that tensile strength value of glass
is much higher than tensile strength value of concrete.

A Stress A Stress
Ultimate
strength
Ultimate ...
strength
. Elasto-
Elastic . i
Strain plastic | Strain
> >
Glass Concrete
A Stress A Stress
Ultimate
strength
Ultimate
strength
Elasto-plastic
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i plastic i
>Stram - > Strain
Steel Timber

Figure 7: Typical stress — strain graphs of glass, concrete, steel, and timber under

bending (indirect tension)

1.5. Post-Tensioning Application

Pre-stressing can be applied to members in two ways, by pre-tensioning or post-
tensioning. In pre-tensioned members the pre-stressing strands are tensioned against
restraining before the material is cast and then it is allowed to harden. After it gains
sufficient strength, the strands are released and their force is transferred to the member.

Pre-stressing by post-tensioning involves installing and stressing pre-stressing strand
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or bar tendons after the material has been placed, hardened and attained a minimum
compressive strength for that transfer. The typical stress-strain behavior of glass is
similar to concrete while tensile strength of glass is about 10% of its compressive
strength. Plain glass members are likely to crack in the tensile zone when loaded.
Reinforcing the tensile zone of a beam helps the beam to resist tensile forces after
being cracked. However, post-tensioning the tensile zone compresses very fine cracks
and reduces or eliminates cracking. The resulting post-tensioned glass member may
crack, but it can effectively carry more loads with a ductile failure. However, post-
tensioned members should be designed for non-crack cases. The function of post-
tensioning is to remain the structure under compression in those regions where load
causes tensile stress. Tension caused by applied loads will first have to cancel the
compression induced by the post-tensioning before it can crack the glass. By placing
the post-tensioning in the simple-span beam, compression and negative moment is
formed in the member, creating upward deflection. The magnitude of post tensioning
force and dimensioning is about the design part. The components of post-tensioning
system consist of pre-stressing steel, anchorages, and post-tensioned members. Wires,
strands or bars can be used to post tension the members. Anchorage is a special bearing
plate or anchorage device that transfers tendon force into the material but does not
meet normal analytical design requirements for basic bearing plates. These anchorages
typically require increased confinement reinforcement and should be accepted on the
basis of physical tests. There are short term (immediate) and long term (time
dependent) losses in the post tensioning systems. Elastic shortening, slip at anchorages
immediately after pre-stressing, friction between tendon and tendon duct are the
immediate losses for materials. The time dependent losses are relaxation of pre-
stressing steel, creep and shrinkage losses for concrete. However, the losses for glass
shall be studied and investigated. The strength capacity of the member can be
increased by calculating the losses and designing post-tensioning.

Although field application of post-tensioned glass beams was not found in the
literature, a few studies and lab tests were encountered. Advantages of post tensioning

in glass beams can be considered as a) increase in cracking capacity, b) ductility
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gained by post cracking strength, c) no losses because of shrinkage, d) high strength
of glass which is about 400 MPa in compression and about 40 MPa in tension, and
appealing view of the transparent glass material.

Post-tensioning in glass might be complicated because of the viscous flow over
extended periods of time and further studies might be necessary. Although glass flow
can be a different form of creep; such behavior might be relatively less critical during

the lifespan of a civil engineering structure.
1.6. Literature Review

Glass which could be used for architectural glazing is produced by the float process
introduced by Pilkington Brothers (1950). In this period, glass has been used as a
structural material with steel, timber, reinforcement, and post-tensioned steel. The
main goals of post-tensioning a structural glass beam were explained as increasing the
initial fracture strength of the glass and providing a significant post-fracture residual
load-carrying capacity.

Reinforcing glass beams generates an internal moment capacity, which enables the
fractured beam to still carry significant load. This concept is studied earlier by several
researchers. (Kreher & Natterer, 2004; Cruz & Pequeno, 2008; Louter, Belis, Veer, &
Lebet, 2012; Speranzini & Agnetti, 2014)

The concept of post-tensioned glass beams has currently been studied in a limited
number of researches. Bos et al. (2004) prepared a 3 m long 1:4 scaled prototype box
section glass beam, reinforced by two small stainless steel profiles. The prototype has
been tested in a displacement controlled four-point bending test and they have
observed that the safe behavior of glass structural elements is possible by adding a
minimal amount of steel. They prepared again a 3 m long parabolic, pre-stressed (O
=8 mm high strength steel) T-section beam in order to obtain a less sensitive section
design, less weight and a higher load carrying capacity. Considering both of these
tests, they observed that the failure of the box section started at a much lower stress

level which means that the compressive stress in the upper zone of the beam was less
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and concluded that more compressive stress has to be built up in the upper zone of the
beam before failure occurs.

Bos et al. (2004) tested a post-tensioned T-sectioned glass beam prototype (Figure 8).
This beam was composed of 3 layers of segmented annealed glass. A curved stainless
steel section has been integrated in the web of the beam. Through this hollow section
a 7 mm diameter high strength steel tendon was fed and tensioned at the beam ends.
From the results of this study it was concluded that the concept of post-tensioning an
annealed glass beam is feasible and highly beneficial, however the explosive failure

poses possible risks for building applications.

Figure 8: T-section beam layout (left) and cross section (right) (Bos et al, 2004)

Louter et al. (2006) investigated the transmission of the post tensioning forces to the
glass beam ends. They developed four different methods for transferring post
tensioning forces and tested them in compression tests. In two of the transmission
methods, a steel end plate transferred the force directly to the edges of the beam ends.
In the other two methods the force was transferred via aluminum wedges, which were
bonded to the side planes of the glass beam. In this research, it was observed that the
most essential aspect of post tensioning glass beams seems to be the alignment of the
area which the post tensioning forces are transferred. Furthermore, misalignments and
small setting errors were observed to be very critical in transmission of the post

tensioning forces to the glass beams.
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Belis et al. (2006) worked on the effect of post tensioning on the buckling behavior of
a T- shaped glass beam. The conclusion was that the geometry of the prototype had a
relatively good resistance to buckling and the beam failed due to fracture of the glass.
In this study, the effect of shape imperfections and eccentricities were not examined.
Cruz and Pequeno (2008) compared four types of beams which are timber, glass,
composite | and rectangular beam. They tested two of each type with 3200 mm span
length. After the tests, they concluded that silicone adhesive was the most advisable
glue material because it allowed greater indication of flexibility. Also, in the
composite system, timber provided ductility and glass offered resistance and stiffness.
Louter (2013) tested different post-tensioned systems (Figure 9). From the results it
was concluded that these post-tensioned beams are feasible concepts in which the
residual load-carrying capacity increased significantly, as well as the initial failure
strength. The advantage of the post-tensioned glass beams when compared to beam

made only with annealed glass was shown in Figure 10.
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08 mm OO0 mm
6-10-6 6-10-6
mm mm
> -

- ._‘ 4, '_‘!'_‘

125 mm
25 mm

v _a._J v _Ji;_a

8 mm D10 mm

Figure 9: Post-tensioned beams tested by Louter. (Louter, 2013)
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Fig. 8. Force-displacement curves of series MECH-PT, Fig. 9. Force-displacement curves of series MECH-REF,
post-tensioned beams with unbonded M8 tendons. reference beams without tendons.

Figure 10: Structural behavior of two glass beams. (Louter, 2013)

Louter et al. (2014) made some explotary experimental investigations on post
tensioned structural glass beams. Their aim was to contribute to the knowledge on post
tensioned glass beams and investigate the mechanical response of such system. This
was done with four-point bending tests on 1500 mm long glass beam specimens. The
specimens consisted of beams with mechanically anchored post-tensioning tendons
integrated at the top and bottom edge of the glass beams, beams with pre-tensioned
tendons adhesively bonded at the lower edge of the glass, and reference beams which
are identical to the post-tensioned glass beams, but without post-tensioning tendons.
It was concluded that post-tensioning structural glass beams, by means of
mechanically anchored or adhesively bonded tendons, was a feasible concept which
provided increased initial fracture strength and enhanced post-fracture performance.

Jordao et al. (2014) studied analytically a laminated glass beam reinforced with pre-
stressed cables numerically (Figure 11). The purpose of this paper was to establish a
finite element model of the beam in which a parametric study was done regarding the
choice of the element, the mesh dimensions, the choice of the feature used to model
the lamination. Then, benchmarking with experimental results and comparison was
done to test the quality of the numerical model dealing with instability issues. The
main conclusions for this thesis were that elements along the beam’s height lead to the

best compromise between accuracy and time.
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Figure 11: Laminated glass beam with prestressed cables (Jordao et al.,2014)

Engelmann and Weller (2016) studied the results of an experimental series of three 9
m glass beams with a 24 mm high-grade spiral cable tensioned up. The primary aim
was to describe the load-bearing behavior of large-span, post-tensioned glass beams
and to determine their ultimate load. The secondary aim was to present a practical
application by designing a 9 m pedestrian bridge based on the beam design that was
displayed at Glasstec 2014 in Diisseldorf, Germany. During the non-destructive tests
with higher cable loads, the process was stopped manually when the lateral deflection
increased exponentially. Furthermore, the post-tensioning resulted in a linear increase
in the mean compressive stress at the bottom of the beam. It was concluded that an
analytical evaluation in this stage remains usable for preliminary design.
Consequently, an upscaling up to 9 m in span is feasible and confirms the results

presented in the study.
1.7. Objective and Scope

Traditionally, glass is widely used in buildings as window glasses. Used in this way,
glass is subjected only to transient wind loading and its self-weight conditions, where
its brittle nature and strength capacity are not significant. Although glass is a beautiful
material, common fears of its brittle nature and weakness have mostly restrained its
structural use. That’s why it has only been some decades ago that glass has emerged

as a structural building material. However, more research should be done to be able to
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increase the use of glass in construction area, which is one of the main aims of this
study.

In this study, several tests were prepared and conducted to confirm the theoretical
mechanical properties of glass as a material under compression and bending (indirect
tension). After obtaining mechanical properties of the glass to be used in research, T-
shaped annealed (also named as “float” or “regular glass™) and tempered glass beams
with and without post tensioning were tested and results were compared with
analytical hand calculations and Finite Element Models (FEMs). Main aim of post-
tensioning a glass beam is to increase its initial fracture capacity and obtain ductile
post-fracture performance, which would avoid sudden collapse and provide a more
desirable post-fracture performance. Galvanized steel wire rope was selected as post-
tensioning member for the glass beams. Aluminum “L” shaped angles were used to
connect the web and flange of the T-beams. The results of the tests were obtained,
hand calculations were made, and FEM of the same types of glass beams were
modeled in SAP2000. All results were compared with each other and practical design

charts were obtained.

The objectives and scope of this thesis can be summarized as follows:

Objectives

1) Analytically and experimentally investigate the behavior and possible usage
of glass material for structural beams.

2) Investigate and quantify use of post-tensioning for ductility of glass T-beams
by conducting tests with and without post-tensioning. (Usage of reinforcement
in glass beams is not an objective since initial cracking of beams is tried to be
delayed using post-tensioning).

3) Investigate usage of aluminum connectors for composite action between
flange and web of glass T-beams.

4) Explore and improve FE modeling capabilities to model post-tensioned

composite glass beams.
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5)

6)

Generate Excel based computation sheets for streamlining design process and
prepare design tables for quick and simple guide to practitioner engineers.

Make contribution to the literature and make suggestions for future work.

Scope

1)

2)

3)
4)

5)

6)

7)

8)

Conduct literature survey and investigate structural use of glass in construction
for beams.

Carry out hand calculations and design process for manageable sized T-shaped
glass beams.

Construct FE models of each type of glass beam and obtain analysis results.
Planning for material and laboratory beam tests, prepare experiment setup,
conduct material tests, and carry out the beam loading—capacity experiments
for the following tests:

-60mmx60mmx60mm (10-layer 6mm glass) compression tests.
-200mmx1000mmx6mm bending tests in weak direction (float and tempered).
-200mmx1000mmx6mm bending tests in strong direction (float).
-100mmx1000mmx6mm bending tests in strong direction (tempered).
-T-shaped float glass bending tests with and without post tensioning.
-T-shaped tempered glass bending tests with and without post tensioning.
Post process conducted test data as Force vs Vertical Displacement Diagrams
and compare with FEM and hand calculations.

Evaluate structural performance and make comparisons between different
glass types and post-tensioning application.

Complete thesis writing that gathers all work conducted and underlining
important outcomes for the use of glass as a structural load carrying material
with post-tensioning.

Generate excel based computation sheets for streamlining design process and

prepare tables for quick design
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CHAPTER 2

MATERIAL TESTS

Although material characteristics of float and tempered glass are well documented in
the literature, numerous material tests have been conducted as a part of this thesis since
the design procedure highly depends on material properties and it was important to
verify material properties whether they are similar to the ones listed in the literature.
Major test types are listed below under each heading and primarily include
compression and bending tests.

2.1. Compression Tests of Float Glass

In order to determine the compressive strength of glass, which were used in laboratory
experiments, three cubes of float glass in 60x60x60 mm dimensions were tested. The
cube was prepared using 6 mm thick glass pieces piled on top of each other. Ten layers
of 60x60x6 mm sized glass pieces were placed as layers in order to obtain the
60x60x60 mm dimensioned cube of float glass. These pieces were slightly attached to
each other with sticky tape in the circumferential direction to help during placement
into the uniaxial compression test machine. One of the cubes formed by glass layers
were loaded under compression by about 0.2 MPa/sec for 5 kN/sec and leading up to
failure at about 962.4 kN at 3.2 minutes. The compressive stress at failure divided by
the 60mmx60mm area yields a compressive strength of 267 MPa (Figure 12), which
is much smaller than the 400 MPa. Two other tests were performed for the uniaxial
compressive strength, which were prematurely failed at stresses in the order of 100
MPa and had partial collapse indicating some uneven stress distribution (Figure 13).
Such low strength results obtained for glass tests were deemed unrealistic and the
“multi-layer glass” testing approach was found to be the reason for low strength. Since

having test sample sizes of 60mmx60mmx60mm or similar was not possible, uniaxial
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compression tests were left out of the scope of this thesis and 400 MPa available in
the literature was accepted. Small irregularities of glass layers can generate unintended
stress concentrations leading to premature compression failure. The performance of
bending members mostly relies on the tension capacity of material and therefore more
emphasis was given to bending tests of glass samples. Compression tests of tempered
glass were not possible since 60mmx60mm tempered glass pieces were not possible

to produce. Minimum size found for tempered glass was 200mm.

Figure 12: A glass cube before and after the compression test

Figure 13: A glass cube premature failure in the compression test
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The compressive strength is calculated using Equation (1).

Force

C ive St th =
ompressive Streng Area

F 962.4 kN
Ocompressive — 5 — — =267.33 MPa (1)

A~ 60x60 mm

2.2. Bending Tests of Float and Tempered Glass

In this study, float and tempered glass samples were tested both in their weak and
strong axes in order to determine the bending (indirect tension) strength of the glass
used in the T-Beam tests. Specimens used for bending tests had dimensions of
1000x100x6mm and 1000x200x6 mm. Firstly, a 1000 mm long and 200 mm wide
float glass sample was placed on the test set-up in its weak axis (horizontal placement)
and loaded from two points until its fracture (Figure 14). The displacement
transducers, Linear Variable Differential Transformer (LVDT) used for measuring the
mid-span deflections of the beam were placed on either side of the beam to count for
any possible torsion; average of LVDT’s were used as vertical mid-span deflection of
test samples. The models of these LVDT’s are OPKON-LPC100, which has a stroke
length of 100mm with accuracy of %0.05mm (i.e. 0.05mm). A Campbell Scientific
CR1000 model data logger was used to record the applied force (F) and mid-span
deflections (0). The load cell used in this study had 3 mV/V output at full scale of 5
tons (50 kN) and could sense changes less than 5 N. The test-setup for glass samples
was prepared at Strength of Materials Laboratory and loading was applied using a car-
jack since the load needed to be given slowly. Mechanical arm of car-jack was a
suitable choice for displacement controlled and sensitive loading of test specimens
(Figure 14).
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Figure 14: Loading of glass samples placed in their weak axes

The same bending test procedure was conducted on three samples of float and
tempered glass. Load-displacement graphs were obtained by post-processing the data
recorded from the data logger. Deflection calculations were done based on curvature
diagrams as shown in Figure 15 using Moment-Area method in order to compare with
the test results. Neutral axis (¥) of the glass sample is 3 mm from either surface. The
maximum shear force and moment are calculated using Equation (2) and Equation (3),
respectively. Modulus of elasticity (E) calculations are done using Equation (7) which
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is derived from Equation (6) by Moment-Area method. In order to calculate bending

strength (o) (indirect tension) Equation (8) is obtained by using flexure formula.

PoT

CArrrrsrrd h

b
R R

! a | _—

| (A | h=6mm
b =200 mm
= 920 mm
a=310mm
y =3 mm

R=V="_ )
Mpax =2 *
max_z a (3)
(g)“ VI (4)
Omax = 5,57 (¢ -4a)
J==xb+h3 ==%200*63 = 3600 mm* (5)
12 12

(2) +310
Simax =S 2 *(3 % 9202 — 4 % 310%) (Moment Area Method) (6)

E =3856.67 * —2— MPa (7

max

Omax = Mimax *% =2 * 310* ﬁ =0.12917 *P (Flexure Formula) (8)
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The load-displacement graphs of float glass specimen tests placed in their weak axes

are given in Figure 16. Similarly, load-displacement graphs of bending tests for

tempered glass samples placed in their weak axes are shown in Figure 17.
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Figure 16: Load-displacement graph of float glass placed in its weak axis.
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Tempered Glass (P-6)
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Figure 17: Load-displacement graph of tempered glass placed in its weak axis.
The maximum load (Pmax), maximum deflection (dmax), graph secant slopes and

average of maximum P and dmax values are presented in Table 2.

Table 2: Test results of glass samples placed in their weak axes.

Test Results

Pmax Omax Secant S|0pe Pmax,mean Omax,mean
(N) (mm) of the graph (N) (mm)
Float
16.57
Glass 1 297.4 17.90
Float 348.3 21.46 16.11 3201 | 18.99
Glass 2
Float
18.95
Glass 3 314.7 16.49
Tempered
1076.0 64.47 16.70
Glass 1
Tempered | 00 g 64.89 15.32 10395 | 6451
Glass 2
Tempered
1048.5 64.16 16.36
Glass 3
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Resultant modulus of elasticity is calculated using Equation (7). The characteristic
modulus of elasticity (with > %95 probability) obtained for float and tempered glass
placed in its weak axis is 57.15 GPa and 55.74 GPa, respectively. The calculation

results are tabulated in Table 3.

Echaracteristic = Emean -1.645*SD (9)
Emean = (E, + E,+ E )3 (10)
SD = \/(Emean—El)z + (Emean—EZ)z + (Emean—E3)2 (ll)

where, Epean: Mean of modulus of elasticity.

SD: Standard deviation of modulus of elasticity.

Table 3: Modulus of elasticity calculation results of glass placed in its weak axis

Modulus of Elasticity Calculations
Modulus of Modulus of Standart
. . o Echaracteristic
Elasticity, E Elasticity. Emean Deviation
(GPa)
(GPa) (GPa) (GPa)
Float 69.24
Glass 1
Float 62.58 65.28 4.947 57.15
Glass 2
Float 64.04
Glass 3
Tempered 64.37
Glass 1
Tempered 59.07 62.15 3.899 55.74
Glass 2
Tempered 63.03
Glass 3
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Ocharacteristic — Omean ~ 1.645 *SD (12)

Omean = (01 + 02+ 03)/3 (13)

SD = \/(Umean—al)z + (Gmean—az)z + (O-mean—O-S)z (14)

where, Opmean: Mean of max. stresses

SD: Standard deviation of max. stresses

Characteristic strength is calculated according to Equation (8). It is found for float
glass placed in its weak axis as 33.58 MPa, and for tempered glass placed in its weak
axis as 121.70 MPa. The calculation results are listed in Table 4.

Table 4: Characteristic strength calculation results of glass placed in its weak axis

Characteristic Strength Calculations
Standart
O max O’ max. mean L O characteristic
(MPa) (MPa) Deviation (MPa)
a a a
(MPa)
Float 38.41
Glass 1
Float 44.98 41.35 472 33.58
Glass 2
Float 40.64
Glass 3
Tempered 138.99
Glass 1
Tempered 128.38 134.27 7.64 121.70
Glass 2
Tempered 135 44
Glass 3
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The material bending tests were also conducted in their strong axes because the aim
was to see how the characteristic strength changes with respect to the glass edge
placement. Glass samples with 1000x200x6 mm dimensions (float glass) and
1000x100x6 mm dimensions (tempered glass) were used in order to determine the
bending (indirect tension) strength in their strong axes. Firstly, a 1000mm long and
200 mm wide float glass beam was placed on the test set-up in its strong axis and was
loaded at two points with middle constant moment region until its fracture. Edge
supports and loading points were cushioned using 50mmx50mmx50mm timber cubes
with a 6mm wide wedge in the middle. These cubes were also secured in place by F-
clamps. In order to measure the vertical mid-span deflection of the samples, two of
displacement transducers were placed at the supports and two of them on either side
of the beam. Moreover, the beam was restrained laterally from both sides to prevent
buckling problems (Figure 18). The average value of deflection measurements for
LVDT’s at supports were extracted from the average value of deflection
measurements for the LVDTSs of the mid-span. The test-setup for glass samples was
prepared at Strength of Materials Laboratory and loading was applied using a

hydraulic jack.
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Figure 18: Loading of glass samples placed in their strong axes

The same procedure was repeated three times for samples of float and tempered glass
samples. However, the dimensions for tempered glass were in
1000mmx100mmx6émm. The load-displacement graphs were obtained by post-
processing the data recorded from the data logger. The calculations were done based
on the shear force and moment diagrams in Figure 19 by the Moment-Area method. §
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Is calculated 100mm for float glass beam, and 50mm for tempered glass beam. The
maximum shear force and maximum moment are calculated from Equation (2) and
Equation (3), respectively. In order to calculate modulus of elasticity (E), Equation

(17) is derived for float glass and Equation (21) is derived for tempered glass. The
same way to calculate bending strength (o) (indirect tension), Equation (18) and

Equation (22) are obtained for float and tempered glass, respectively.

P/2 P/2
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£ > @
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h=200mm h=100mm
X b= 6 mm b= 6 mm
Ve oo | ‘ = 950mm {£= 950 mm
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y=100mm y=50mm
0

Figure 19: Shear force and moment diagrams of sample placed in its strong axis

Float Glass

== sbxh® =6+ 200° = 4000000 mm* (15)

P
1) =(5)*—325 *(3 % 9502 — 4 * 3252) (Moment Area Method) ~ (16)
MAax 24« E *4000000
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E=238678 *—— MPa (17)

max

Omax = Muax *2 =% * 310% —— = 0.00406 *P (18)

Tempered Glass

I=Lsbxh? =1+ 6+100° = 500000 mm* (19)

5 :(5)*—325 *(3 x 9502 — 4 * 3252) (Moment Area Method) (20)
Max — 74 « E *500000

E=230.9427 * -2 MPa (21)

Omax = Mgy +% =2 * 310 * 2 =0.01625 *P (22)

The load-displacement graphs of float glass specimen tests placed in their weak axes
are given in Figure 20. Similarly, load-displacement graphs of tempered glass samples
placed in their weak axes are shown in Figure 21.
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Float Glass (P-9)
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Figure 20: Load-displacement graph of float glass placed in its strong axis.

Tempered Glass (P-9)
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Figure 21: Load-displacement graph of tempered glass placed in its strong axis.
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The maximum load (Pmax), maximum deflection (dmax), graph secant slopes and

average of maximum P and dmax values are presented in Table 5.

Table 5: Test results of glass samples placed in their strong axes.

Test Results
Pmax Omax Secant S|Ope Pmaxmean | Omax.mean
(kN) (mm) of the graph (KN) (mm)
Float 8.919 0.52 18829.0
Glass 1
Float 9.705 0.52 19571.0 9.636 0.53
Glass 2
Float 10.29 0.54 18335.0
Glass 3
Tempered | 1 76 4.79 2405.1
Glass 1
Tempered 10.90 478 2315.9 10.76 4.85
Glass 2
Tempered | 1461 5.00 2049.1
Glass 3

Resultant modulus of elasticity is calculated by using Equation (17) for float glass and

Equation (21) for tempered glass. The results of modulus of elasticity obtained for

float and tempered glass placed in their strong axes are 62.10 GPa, and 62.58 GPa,
respectively. The calculation results are tabulated in Table 6.
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Table 6: Modulus of elasticity calculations of glass placed in its strong axis

Modulus of Elasticity Calculations
Modulus of Modulus of Standart
.. .. .. Echaracteristic
Elasticity, E Elasticity, Emean Deviation
(GPa)
(GPa) (GPa) (GPa)
Float 66.39
Glass 1
Float 71.70 70.44 5.071 62.10
Glass 2
Float 73.92
Glass 3
Tempered 69.52
Glass 1
Tempered 70.64 68.62 3.673 62.58
Glass 2
Tempered 65.69
Glass 3

Characteristic strength was calculated for samples in their strong axes according to
Equation (18) for float glass and Equation (22) for tempered glass. It was found as
32.64 MPa and 169.28 MPa for float and tempered glass, respectively. The calculation
results are listed in Table 7.
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Table 7: Characteristic strength calculations of glass placed in its strong axis

Characteristic Strength Calculations
Standart
O'max O'max. mean o O characteristic
(MPa) (MPa) Deviation (MPa)
a a a
(MPa)
Float 36.21
Glass 1
Float 39.40 39.12 3.94 32.64
Glass 2
Float 41.76
Glass 3
Tempered 174.84
Glass 1
Tempered 177.15 174.80 3.35 169.28
Glass 2
Tempered 172.41
Glass 3

Experimental and theoretical values of characteristic strength and modulus of
elasticity for glass placed in its weak and strong axis are tabulated and compared in
Table 8. At this stage, considering the beams placed in their weak and strong axes,
acceptable and expected values were taken from the experiments. Moreover, the
design for T-beam samples would be done with respect to the results of both in weak
and strong axis. After comparison of the characteristic strengths, it is seen that
tempered glass has a higher characteristic tensile strength in its strong axis, than its

characteristic tensile strength in its weak axis.
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Table 8: Theoretical and experimental values of characteristic strength and Modulus

of Elasticity
Summary of Theoretical and Experimental Values
Characteristic Tensile Strength | Characteristic Modulus of Elasticity
Experimental )
_ Experimental (GPa) )
(MPa) Theoretical Theoretical
Weak Strong (MPa) Weak | Strong (GPa)
axis axis axis axis
Float
33.58 32.64 40 57.15 62.10 70
Glass
Tempered
121.70 | 169.27 120 55.74 62.58 70
Glass

In the T-beam calculations, characteristic strength for float glass was chosen as 32.64
MPa, and for tempered glass as 169.28 MPa. Modulus of elasticity was taken as 62.10
GPa and 62.58 GPa for float and tempered glass, respectively.

2.3. Tension Tests of Galvanized Steel Wire Rope

The other material that is used in our experiments is galvanized steel wire rope. This
wire rope is used for post-tensioning the beam. A galvanized steel wire rope with 5
mm diameter was tested under tension to obtain ultimate stress capacity of the wire
rope, which broke at 1500 kg (15 kN). Ultimate strength of the galvanized wire rope

was calculated using Equation (23).

Force _ 1500%9.81 _ 14715 N

= p) p)
Area By ire xS
s 4

Ultimate strength (f,,) = = 749.43 MPa (23)

That is, fracture strength of galvanized wire rope used in this study is 750 MPa.
Although two wires on either side of the beam should be able to carry up to 30 kN of

force, loading the wire had brought many difficulties. Initially, a load cell was
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manufactured using a steel pipe of @40x4mm and loading was planned to be applied
using a large bolt, where the wire is connected to the end of the bolt and turning the
end would apply tension over the load cell pulling the wire outwards. However,
turning the bolt’s nut was too difficult at loads beyond 10 kN. One specimen was
broken during post tensioning attempts. Therefore, a hydraulic jack was used to apply
the post-tensioning. Usage of a large number of clamps in the order of 5 or more and
even using larger size clamps didn’t yield positive results. Further attempts to secure
two ends of the rope by turning or twisting has become in vain since the wire broke
prematurely. Change of plans using wire grip was attempted; however, the grip sizes
available to us were for larger wire diameter and no other wire grips were found in
Ankara. Therefore, a larger diameter sized wire of @8mm had to be used together with
the available wire grip in the laboratory. Using a stronger wire would lead to crushing
failure of the glass flange, although a yield failure of the wire is preferred in design.
The advantage of using stronger than needed wire in the tests is the possibility of using
the same wire repeatedly. Compression failure of the top flange and tension failure of
the high strength post-tensioning wire would have similar effect from a brittle failure
point of view. High strength wires usually don’t have a yielding plateau and break in
a brittle manner. The fracture force of an 8 mm galvanized wire rope was calculated
using Equation (24) and found to resist tension forces more than required for the T-
beam tests. The same wire rope was used for all float glass and tempered glass tests
and wire grips were successfully utilized. The beams have shown enough ductile
behavior although steel wire rope was too strong and did not yield during loading tests.

The test results and relevant discussions are provided under Chapters 4 and 5.

Fracture Force = Max stress * Area of the wire rope

Fracture = 750 + =2 = 37670.5 N = 3840 kg (24)

" =
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CHAPTER 3

HAND CALCULATIONS AND ANALYTICAL MODELING OF T-BEAMS

3.1. Hand Calculations of T-Beam Capacity

Dimensions of the T-Beam was selected as in Figure 22 since 1000x100x6 mm
dimensioned float and tempered glass sections could be obtained from the producer.
Simply supported T-Beam specimens were tested under 8-point loading. There are
two main reasons of loading the beam at 8 points. Firstly, there was not an 8 point
loading in the literature for post tensioned glass beams which is very common to
distributed load. Secondly, 8-point loading provides a typical reverse moment diagram
with respect to the moment diagram due to post tensioning which is a much more
feasible application for post tensioning issue. Preliminary hand calculations were done
for T-Beams with and without post tensioning according to the characteristic strength
and modulus of elasticity obtained from the material tests. Characteristic tensile
strength for float glass was assumed as 32.64 MPa, and for tempered glass as 169.28
MPa. Modulus of elasticity was taken as 62.10 GPa and 62.58 GPa for float and
tempered glass, respectively. The T-beam hand calculations and design were done
with respect to the mentioned stresses. The demonstration of loading case and shear

force and moment diagrams due to 8 point loading is shown in Figure 22.
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h=106 mm

\Y/ | | : b =100 mm
) Y I ¢ = 950mm
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Iangte = 750.123 mm*

\
N

Figure 22: Shear force and moment diagrams of T-Beam loaded at 8 points.

Maximum shear force, maximum moment and maximum deflection of a simply
supported T-beam of 8 point loading are calculated by Equations (25), (26), and (27),

respectively.

R = Vypay = (8% g)/z = 2 (Free Body Diagram) (25)

P, ¢ P P L P P P L P P P P L
Mpax =[5> L) G 5"t G 5-9" 5t G 5-5-97 3]

P P{ 134 P? Pxf
= GG GG = (Note that dM = [ Vdx)  (26)

e =G5 )" G G5 M G (G e+ GI

(5 573) G+ LG 8) » G5 G rg2) - GaN +
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[ Gal+ [ =5+ = Gl o

__ 658 *Pmaxt’S
49152  Elpegm

(Moment Area Method)

After getting the formulas for Vmax, Mmax and dmax 0f simply supported T-beam under
8 point loading, stress checks are done in order to find the maximum load (Pmax) that
the T- beam can resist. As the failure stress is considered to be the tensile strength,
maximum load carried is calculated according to tensile strength. However, the
compressive strength and shear strength is also checked. This procedure was done for
float and tempered glass without post tensioning according to the stress formulas given
in Equations (28), (29), (30) and (31).

M *y ;
Otop = -%yb”m (Compressive stress) (28)
eam

M * (h—y i
Opottom = ——— Ib(em:be“m) (Tensile stress) (29)

Vv * i .
Tneutral axis = m‘”‘l Q”e”ir:l 4X5 (Shear stress at neutral axis) (30)
beam
|4 * Qg i .
Tylue point = ———2—-F2"= (Shear stress at glue point) (31)

Ipeam * t

In order to find the maximum load, the tensile stress formula is used and Pmax is
calculated. The maximum deflection of the T-beam is calculated in terms of the
formula found by Moment Area Method (Equation (27)).

where,
Apeam =Afiange) +(Awep )+ (2 Aange)
Apeam =(10076 )+(100%6)+2*34.56=1269.12 mm? (32)
Vveam = Neutral axis is equal to the first moment divided by the total area.
Vbeam = 106 - [(100*6*(106-3))+(100*6*50)+(2*34.56*(100-
4.19375)]/1269.12 = 28.45 mm (33)
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Ineam = Ifiange + Artange * W1)* + Lwep + Awen * (V2)* +
2 * (Iyngte + Aangie * (V3)*) (Parallel Axis Theorem) (34)
wherey,,V,, V3 are distances from the centroids of flange, web and angle to the
centroid of the beam respectively.
Ipeam = %* 100 * 63 + 600 = (28.45 — 3)? + %* 6 * 1003 + 600 =

(106 — 50 — 28.45)2 + 2 * (750.123 + 34.56 * (28.45 — 6 —
4.19375)2 = 1370360.3 mm* (35)

O peutrat axis = 2 Ai * ¥i = 100%6%(28.45-3)+(28.45-6)*6*(28.45-
6)/2+2*34.56%(22.45-4.19375) = 18043.88 mm3 (36)
3
leuepoim = 100*6*(28.45-3) =15270 mm (37)
M * (h—y .
Opoctom = —max”BVveam) (Tengile stress) (38)
Ibeam
Obottom *Ibeam Pmax *f
Minax = = 39
max (h=Ypeam) 8 ( )
Then P — 8*0pottom *Ibeam (40)
omax (h_YDeam) * 1
658  Ppal®
Omax = 49152 Elpegm (41)

To sum up, maximum load (B,.) that T-beam can sustain is calculated using
Equation (40) and the maximum deflection (8,,,4,) that occurs at the mid-span of T-
beam is calculated using Equation (41). The calculations are done in Microsoft Excel

sheets and results are tabulated in Table 9.
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Table 9: Calculation results of T-beam without post tensioning

Calculation results of T-beam without post tensioning

Float Glass Tempered Glass
Pmax (KN) 4.858 25.19
dmax (Mm) 0.659 3.373
1op (MPa) -11.94 -61.94
Obottom (MPa) 32.64 169.27
Tneutral axis (MPa) 5.34 25.83
Tglue point (MPa) 4.50 21.79

The post-tensioned glass T-beam shall be analyzed for transfer (short term) and final
(long term) cases. Transfer case is the case where the beam is under its self-weight
and post tensioned load, final case is the case where the beam is subjected to all loads
such as post-tensioning load, live load, self-weight etc. In this study, post-tensioned
float and tempered glass T-beams were tested, so the calculations were done both for
design stresses and ultimate strengths. Design stresses for T-Beam with post
tensioning were calculated according to Turkish Building Code Requirements for Pre-
stressed Concrete (TS3233) (Table 10). Concrete has a curing time and glass has not
such a strength gain time. That’s why, the allowable stresses of transfer cases were
taken as final cases for glass. The ultimate strengths were taken as 32.64 MPa and

169.27 MPa for float and tempered glass, respectively.
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Table 10: Allowable design stresses taken for glass in the design calculations

TS3233 Allowable Design Stresses
Transfer Case Float Glass | Tempered Glass
Compression 0.60*fcjk 240 240 MPa
Tension 0.25*,/fcjk 5 15 MPa
Final Case
Compression 0.45* fck 180 180 MPa
Tension 0.5*Vfck 10 30 MPa
fcjk: Characteristic compressive strength during transfer
fck: Characteristic compressive strength

T-Beams with post tensioning should be analyzed under AM and AV for transfer and

final cases where,

AViransfer = VpL-VeR (42)
AMiranster = MpL-Mpr (43)
AVfinal = VFL-VpR (44)
AMfinal = MeL-Mpr (45)

Shear force and moment diagram due to 8-point loading is shown in Figure 22 and for
post-tensioning it is demonstrated in Figure 23. Both of these shear force and moment
diagrams should be taken into consideration while analyzing the T-Beams with post-

tensioning.
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Figure 23: Shear force and moment diagram due to post tensioning

The quantity of post-tensioning is calculated using Equation (48). The losses for post-
tensioning were considered to be between 15%-25%. The wire rope was taken out at
the neutral axis from both sides while the cover was chosen as 10 mm at the mid-span
of the beam. Tensioning ratio depends on the design part but should not exceed 75%
according to TS3233. Moment due to post tensioning is calculated by Equation (49)
and shear force by Equation (50).

f=106-2845-10 =67.55 mm (46)
Atendon=2*m *(gwire)z/‘l' =2*m *(8)2/4- = 100.53mm? (47)
Ppr=(Percentage of loss)*(Tensioning ratio)*(tu)*(Atendon) (48)
£)2 8xPpp*

Mpr = Ppp *f=q5*%=> ds =—(;;f (49)
?
Vpr = g5 * > (50)
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Stress checks are done according to the equations for transfer and final cases

(Equations 51-58). Allowable stresses for both cases were given in Table 10.
Transfer (Short term) Case

_ ~PpPr AMtransfer * Ybeam
Otop = - (51)

Apeam Ibeam

—Ppr + AMtransfer * (h—Ybeam)

o =
bottom Apeam Ipeam (52)
_ AViransfer * Qneutral
Tneutral axis = Tpeam * t (53)
R AViransfer * Qglue point
Tglue point — Tpeam * ¢ (54)
Final (Long term) Case
o _ ~Ppr ) AM final * Ybeam
top Apeam Ibeam (55)
- _ ~Ppr + AMfinai * (h—Ypeam)
bottom Apeam Ipeam (56)
_ AV final * Qneutral
Tneutral axis = Tpeam * t (57)
T = AV final * leue point
glue point — Tpeam * ¢ (58)

Maximum load (Pdesign, crack or utimate) that the T-beam can sustain is calculated by
Equation (62) which was derived from Equations 59, 60, and 61. This is the critical

point of the T-beam’s mid-span at tension zone.

-PpR + AM fina1 * (h=Ypeam)

Apeam Ipeam

Opottom — (59)

AMinal = Mfinal 1oad-Mpr (60)
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__ Pdesign, crack or ultimate * ¢

Minal toad = . = AMifinal + Mer (61)

Considering the equations above together,

P

( + PR
Obott T
ottom Apeam

Pdesign,crack or ultimate — (h—=¥p )
eam

where,

Paesign : Design load

Perack : Crack load of float glass

Perackuitimate - Crack and ultimate load of tempered glass

Pdesign and Perack Is calculated for float glass but Pgesign and Perackuitimate IS calculated for

tempered glass only. All the calculations done in Microsoft Excel sheets are tabulated
in Table 11.

Table 11: Calculation results of T-beam with post tensioning

Calculation Results of Post tensioned T-beam
Design Results Ultimate Results
Tempered Tempered
Property Float Glass Float Glass
Glass Glass
Ppr (KN) 8.26 21.54 8.261 21.54
Otransfer (mm) 0.62 1.60 0.62 1.60
Transfer
otop (MPa) 5.00 13.20 5.00 13.20
case
Thottom (MPa) -37.89 -99.38 -37.89 -99.38
Pdes_/crack/ult_ (kN) 7157 1928 1053 3997
Sfinal (MmM) 0.35 0.98 0.81 3.754
Final otop (MPa) -12.59 -34.22 -20.68 -85.12
case Obottom (MPa) 10.20 30.20 32.30 169.47
Tneutral axis (M Pa) 5.13 9.04 6.34 32.39
Tglue point (MPa) 4.33 7.63 5.34 27.32
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Compared with T-beams without post-tensioning, the maximum load that the same
dimensioned T-beams can resist increased from 4.86 kN to 10.53 kN for float glass
and from 25.19 kN to 39.97 kN for tempered glass. Theoretically, the tensile strength

capacity increased substantially after the post tensioning application.
3.2. Analytical Modeling of T-Beams

The finite element models (FEMs) of T-beams were modeled in structural software
for analysis and design (SAP2000 v.20). Post tensioned float and tempered glass T-
beam were modeled as well as the models without post-tensioning. Post-tensioning
was applied with an 8 mm diameter wire rope from both sides of the beam. Materials
and sections were defined in SAP2000; glass as thin shell with 12.5x12.5 mm mesh
size, aluminum L shaped angles as frame sections, post-tensioned wire rope as tendon.

Load combinations defined are as follows.

1. Dead load + Live load
2. Dead Load + Transfer case post tensioning load

3. Dead load + Live load + Final case post tensioning load

After defining the materials and sections, the T-beam was modeled as shown in Figure
24 and the maximum loads that was found for the capacity of the beams with and
without post-tensioning was applied at 8 points. The material definitions, load
assignments, and results were displayed for post-tensioned float glass T-beam and for

the other models the results were tabulated in Table 12.
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Figure 24: View of post-tensioned float glass T-beam FEM

In the T-beam FEM, firstly, glass, aluminum, and wire rope was defined. The

aluminum was defined as AA6063-T6 from SAP2000 materials manual, while glass

is defined as in Figure 25. Modulus of elasticity is defined as 62.10 GPa which was

found from the material tests.

3¢ Material Property Data

General Data
Material Name and Display Color
Material Type

Material Notes

Weight and Mass
Weight per Unit Volume

Mass per Unit Volume

Isotropic Property Data
Modulus Of Elasticity, E

Poisson, U

Shear Modulus, G

Glass

Other

Modify/Show Notes...

2,4526-05 ,

0 9
L,9VV

m

-Us

Coefficient Of Thermal Expansion, A

Units

N, mm, C v

[62096,

{0,23

9,000E-06

25242276

Figure 25: Material definition of float glass
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The L-shaped aluminum angles were defined as 2x15x15x1.2 mm dimensioned

double angle section with a back to back spacing of 6 mm (Figure 26).

3¢ Double Angle Section
Section Name :ZxTTE-x1ExT.2 Display Color
Section Notes Modify/Show Notes...
Dimensions Section
Outside depth (13) 18,
Outside width (12) 36
Horizontal leg thickness ( tf) 12 .
Vertical leg thickness ( tw ) :1-2 |
Back to back distance (dis ) _6-
Properties
Material Property Modifiers Section Properties...
+ | 606376 v Set Modifiers... Time Dependent Properties...

Figure 26: Double angle section definition

The maximum load at which post tensioned float glass T-beam cracks was found as
10.53 kN and the corresponding maximum tensile stress was calculated as 32.30 MPa
and tabulated in Table 11. This calculated value was assigned to the finite element

model as displayed in Figure 27.

B 'D:ﬂ:tc-

Figure 27: Load assignment of post tensioned float glass T-beam
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Post-tensioning load after losses was calculated as 8.261 kN for float glass and it was
assigned as load member. Loaded to the maximum load found from calculations, the
stress at top and bottom of the mid-span of beam was read both at transfer and final
cases. The stress distribution at transfer case of post tensioned float glass T-beam is

displayed in Figure 28.

T-beam with PT (Float Glass)

N N 0 203 254 s s 36 91 58 S0

SAP2000 20.1.0 Stress S11 Diagram - Visible Face (PT-Transfer + DEAD) N, mm, C]

Figure 28: Stresses at transfer case of post-tensioned float glass T-beam

The stress distribution at final case of post tensioned float glass T-beam is displayed

in Figure 29.

T-beam with PT (Float Glass)

[COMEENNR s s o1 12 54 o6 138 te1 203 265 soNNGHNNEN

SAP2000 20.1.0 Stress S11 Diagram - Visible Face (PT-Final+DEAD+LIVE) N, mm, C

Figure 29: Stresses at final case of post-tensioned float glass T-beam

Maximum mid-span deflection of post-tensioned T-beam of float glass at final case
was read from FEM analysis as 0.817 mm and the deflection distribution is shown in

Figure 30.
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T-beam with PT (Float Glass).sdb

480 420 360 300 240 180 -1

SAP2000 20.1.0 Deformed Shape (PT-Final+DEAD+LIVE) N, mm, C

Figure 30: Deflection of post-tensioned float glass T-beam at final case

FEM results of T-beams without post-tensioning at their mid-spans are tabulated in
Table 12.

Table 12: FEM results of T-beam without post tensioning

FEM Results of T-beams without Post-Tensioning

Float Glass Tempered Glass
Smax
0.70 3.64

(mm)

O maxtensile 33.12 1713
(MPa)

O max,compressive 13.23 68.51
(MPa)

FEM results of post—tensioned T-beams at their mid-spans are tabulated in Table 13.
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Table 13: FEM results of T-beam with post-tensioning

FEM Results of Post-tensioned T-beams
Float Glass Tempered Glass
Transfer Final Transfer Final
Case Case Case Case
Smax
0.704 0.82 1.842 3.92
(mm)
o .
maxtensile 4.88 32.73 12.86 169.3
(MPa)
o .
Mex,compressive 3922 | -23.82 -103.3 -95.89
(MPa)

The FEM results are close to hand calculations both for float and tempered glass with

and without post-tensioning. The results are compared with hand calculations and

experiment outputs in section 4.3.
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CHAPTER 4

TESTS OF T-BEAMS

4.1. Test Setup Design and Components

T-Beam specimens were prepared for the tests with and without post-tensioning. The
web and flange of the T-Beam were 1000 mm in length, 100 mm in height, and 6 mm
in thickness. The flange and web parts of the glass beam are bonded with two of
aluminum L profiles in 15x15x1.2 mm dimensions by the help of polyurethane based
adhesive (Akfix 610) as bonding material. The aluminum type used is aluminum alloy
AA6063-T6 which has about 152 MPa shear strength. Akfix 610 is chosen as a
bonding material because it is transparent, fast curing, economical, and has high bond
strength. Akfix 610 conforms to D4 according to DIN EN 204. The most important
point of bonding the flange and web was to fit the flange and web exactly in the same
position. The T-beam was covered with transparent self-adhesive film in order to
prevent its spreading away. Edge supports were cushioned using
50mmx50mmx50mm timber cubes with a 6mm wide wedge in the middle and these
cubes were also secured in place by F-clamps. The beams were restrained from either
side in order to prevent buckling cases. However, after the test results, it was seen that
this was unnecessary for T-beam cases and it was not restrained for the rest of tests.
For post tensioning 8 mm diameter galvanized steel wire rope was used in T-Beams.
The post-tensioning wire rope was fed under a 30 mm diameter circular metal piece
made by bronze at 8 points of both sides of the beam. These circular bronze pieces
were bonded to the web of the beam with epoxy based adhesive in double syringe
(Pattex Power Epoxy). It has an extremely high adhesion strength, fast curing and gap
filling property, that’s why Pattex Power Epoxy is selected as bonding material. The
bonding points of the metal pieces were chosen exactly under the 8 point loading

locations. However, the bronze metal pieces were also secured with F-clamps from
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both sides. The galvanized wire ropes were anchored at the tensioning end of the beam
by grips. The wire rope was continuous at the other side of the beam which was
passing through an L-shaped metal piece. This metal piece was produced by two of
50x80x10 mm dimensioned metal pieces which were welded to each other at an angle
of 90°. Firstly, the anchorage detail shown in Figure 31 was applied to the beam ends.
However, the couple moment shown in the free body diagram (FBD) caused the L-
shaped metal piece to rotate counterclockwise as shown in Figure 31. The T-beam was

moving upward from one end of it due to this rotating problem.

Figure 31: Anchorage detail not in equilibrium

In order to overcome this problem, L-shaped metal pieces were supported with a
trapezoidal timber on the support to supply the vertical load due to post-tensioned wire
rope. Moreover, a timber piece was placed between glass and the vertical metal pieces

as shown in Figure 32 and this solution eliminated the rotation problem.
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Figure 32: Anchorage detail in equilibrium

The final result of the anchorage details was compatible and acceptable. In Figure 33,
at the right photo the tensioning side is given and in the middle and left side the other

beam end is shown.

Figure 33: Anchorages at the ends of the beams (Tensioning at right side).

The same displacement transducers (LVDTSs) were used for measuring the mid-span
deflections and were placed on supports to see whether there is any crushing on the
timber cubes used at beams supports. The load cell used in this study had 3 mV/V
output at full scale of 5 tons (50 kN) and could sense changes less than 5 N. The
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geometry of the wire rope used for post tensioning was not a precisely parabolic, but

it had a shape very close to parabola as shown in (Figure 34).

Shape of Post-tensioned Wire Rope
-6

0 100 200 300 400 500 600 700 800 900 1000
%@ 0; -28,5 1.000; -28,5
2,5;-442 937,5; -44,2
-46 @ 52544 [ )
o 187,5; -69,3
- 312,5; -86,0 ® 35125;-693
56 ® 437,5; -94,4 ®
687,5; -86,0
@ Q@
-106 562,5: -94,4

Figure 34: Geometry and coordinates of post-tensioned wire rope connectors

The set-up of T-beam without post-tensioning is displayed in Figure 35 and set-up of

post-tensioned T-beam is shown in Figure 36.
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Figure 35: Test set-up of T-beam without post tensioning
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Figure 36: Test set-up of T-beam with post tensioning

4.2. Conducting the Tests and Obtaining the Results

Firstly, three specimens of each type (float and tempered) T-beams without post-
tensioning tests were conducted. Some of the loading tests were conducted with
several unloading cycles to see linearity and hysteresis. That’s why there were some
imperfections in the graphs (e.g. slight decrease in loading etc.) observed during the

loading-unloading part of the tests. The float glass without post-tensioning fractured
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at the constant moment zone due to tensile stress after the test is conducted. The crack

started at the constant moment zone of tensile area and fragmented upwards to the

compression zone (Figure 37).

Figure 37: T-beam float glass exposed to its ultimate load

Tempered glass T-beam fractured into small pieces at its ultimate load without any
ductility as shown in Figure 38.
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Figure 38: T-beam tempered glass exposed to its ultimate load

The load-displacement graphs of float glass T-beam specimens are given in Figure 39.
Similarly, load-displacement graphs of bending tests for tempered glass T-beam are
shown in Figure 40.
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The results for maximum load (Pmax), maximum deflection (6max), graph secant slopes
and average of maximum load and dmax Values obtained from the samples tested are
tabulated in Table 14.

Table 14: Test results of T-beam without post tensioning

Test Results of T-Beams without PT
Pmax Omax Secant S|0pe Pmax.mean Omax.mean
(KN) (mm) of the graph (KN) (mm)
Float
4.682 0.64 7164.2
Glass 1
Float
4.647 0.64 7286.5 4.763 0.63
Glass 2
Float
4,959 0.60 8348.7
Glass 3
Tempered
25.43 3.18 8588.1
Glass 1
Tempered
26.60 3.35 7439.2 25.69 3.28
Glass 2
Tempered
25.05 3.30 7370.5
Glass 3

Although promising results were obtained when compared with hand calculations and
FEMSs, modulus of elasticity and characteristic strength is calculated as it was done for
samples placed in their weak and strong axes (Equation (63) and (64)). The aim was
to confirm whether the T-beam concept was proper with the bonding material and
aluminum L shaped angle. The results for modulus of elasticity calculations are given

in Table 15 and for characteristic strength in Table 16.
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E=8376 *—— MPa (63)

max

=y 64
O_maszmax * ﬁ =0.00672 * P (64)

Table 15: Modulus of elasticity calculations of T-beam

Modulus of Elasticity Calculations of T-beams without PT
Modulus of o Standart
o Modulus of Elasticity, o Echaracteristic
Elasticity, E Deviation
Emean (GPa) (GPa)
(GPa) (GPa)
Float 61.44
Glass 1
Float 60.59 63.90 7.110 52.21
Glass 2
Float 69.69
Glass 3
Tempered 66.99
Glass 1
Tempered 66.57 65.68 2.703 61.23
Glass 2
Tempered 63.49
Glass 3
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Table 16: Characteristic strength calculations of T-beam

Characteristic Strength Calculations of T-beams without PT
Standart
O'max O'max. mean L O characteristic
(MPa) (MP) Deviation (MPa)
a a a
(MPa)
Float 3146
Glass 1
Float 31.23 32.01 1.62 29.34
Glass 2
Float 33.33
Glass 3
Tempered 170.91
Glass 1
Tempered 178.74 172.66 7.67 160.04
Glass 2
Tempered 168.32
Glass 3

The results obtained were almost the same as the tests done for material tests, so the
glue material used and T-beam concept was accepted. The T-beams for the post-
tensioning tests were prepared in the same way as T-beam without post-tensioning.
The tests conducted for T-beams with post-tensioning were the most crucial and
difficult part of the study since the wire rope slipping problem had to be overcome.
This problem was overcome with the grips as mentioned in Section 1.5. The T-beam
was placed as shown in Figure 35 and the wire rope was tensioned to 8.25 kN for float
glass and to 21.58 kN for tempered glass. Then it was loaded at 8 points until its
fracture. At this point the design loads were noted as well. The tendon jack was
releasing a slight part of the load and this was overcome with reloading it to the aimed
post-tensioned load which was not a high proportion of the total post tensioning load.
The first crack was observed at the maximum moment region in the tests of float glass

with post tensioning (Figure 41) and after continuing loading more cracks were
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observed of the lower moment regions of the beam from bottom (tension) to top
(compression) zone (Figure 42).

-

Figure 42: Float glass T-beam with post-tensioning after fracture.
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The tempered glass T-beam with post-tensioning fractured in small pieces at its

crack/ultimate load as shown in Figure 43.
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Figure 43: Tempered glass T-beam with post tensioning after fracture.

The load-displacement graph of float glass T-beam samples with post tensioning are
given in Figure 46-48. The graphs show how the mid-span of the beam deflects with
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post-tensioning and loading. The upward direction was assumed as positive deflection

and downward as negative deflection.
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Figure 44: Load-displacement graph of float glass T-beam with PT (1)

The first sample of post-tensioned float glass T-beam was tensioned to the designed
value of post-tensioning. The beam deflected upward at its mid-span to the value of
0.62 mm corresponding to 8.25 kN post-tensioning (Point 1 in Figure 44). Then, the
beam was loaded at 8 points and it cracked at 10.86 kN corresponding to 0.749 mm
downward deflection at its mid-span (Point 2 in Figure 44). The first cracks occurred
at constant zone which includes the mid-span of the beam. While the sample was kept
on loading more cracks occurred along the length of it (Between points 2 and 3 in
Figure 44.). At 15.72 kN the beam was unloaded at 12.5 mm deflection at its mid-
span.

The tests for second and third samples of post-tensioned float glass T-beams were
conducted the same way as in the first sample. The results for these samples are shown
in Table 17.
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Figure 45: Load-displacement graph of float glass T-beam with PT (2)
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Figure 46: Load-displacement graph of float glass T-beam with PT (3)
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The procedure done for post-tensioned float glass T-beam was repeated for post-
tensioned tempered glass T-beam as well.

The first sample of post-tensioned tempered glass T-beam was tensioned to the design
post-tensioned load 21.54 kN. The sample deflected upward with a value of 1.66 mm
(Point 1 in Figure 47). Then, the beam was loaded at 8 points and it started to deflect
downward. The first sample cracked at 37.98 kN corresponding to 4.26 mm downward
deflection at its mid-span. This was also the ultimate load that the beam could sustain
since tempered glass has an explosive breakage which results in very small pieces of
glass (Point 2 in Figure 47). One specimen of tempered glass was broken during post
tensioning attempts. That’s why, two post-tensioned tempered glass beam samples

were conducted.

e PT-Displacement e===| oad-Displacement

40
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1 25
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I T T T T T 1 0
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Figure 47: Load-displacement graph of tempered glass T-beam with PT (1)
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Figure 48: Load-displacement graph of tempered glass T-beam with PT (2)

The test results of post-tensioned T-beams are shown in Table 17.

Table 17: Results of post tensioned T-beam tests

Test Results of post-tensioned T-Beams

Pcrack/ultimate 8max.final 6max.transfer Pmax.mean Smax. final-.mean
(kN) (mm) (mm) (KN) (mm)
Float 10.68 -0.749 0.619
Glass 1
Float 11.52 -0.779 0.571 11.14 -0.751
Glass 2
Float 11.23 -0.724 0.628
Glass 3
Tempered 37.08 -4.260 1.663
Glass 1 39.79 -4.049
Tempered 41.61 -3.839 1.706
Glass 2

72




Float glass beam with post tensioning sample tests resulted in ductile behaviors
(Figure 46). The maximum load that it could sustain was 19276.7 N which is about
1.7 times than crack load. However, tempered glass tests had brittle failure (Figure

48). The average results for T-beam tests are summarized below (Table 18).

Table 18: Summary of T-beam test results

Summary of T-beam Test Results
T-beam without PT T-beam with PT

Float Glass | Tempered Glass | Float Glass | Tempered Glass

Pcrack/ultimate

(kN)

4.763 25.69 11.143 39.79

Smax (MM) 0.63 3.28 0.75 4.05

The T-beams with and without post tensioning were compared according to the glass
type and post-tensioning. First of all, it should be noted that, the average loads were
taken into account while comparing the test results. To begin with, float glass without
post tensioning fractured at 4.763 kN with a brittle failure. Also, tempered glass
without post tensioning had a brittle failure at 25.69 kN which was 5.39 times higher
compared with the same dimensioned float glass T-beam. Tempered glass T-beam
with post tensioning had also a brittle failure but at a 1.55 times higher load (39.79
kN) compared with the same tempered glass T-beam without post tensioning. The
capacity increase of the maximum load that T-beams with post tensioning can resist
depends on the post tensioning design such as the tensioning ratio, the quantity of the
wire rope etc. However, a more preferable result was obtained from post tensioned

float glass which had a ductile failure. The crack load was 11.15 kN which is 2.34
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times higher than the same beam without post tensioning. Moreover, the ultimate load
was recorded as 19.28 kN, 4 times higher than the load float glass T-beam without
post tensioning can sustain. The comparisons between different types of the same
dimensioned T-beams according to test results are displayed in a column chart in
Figure 49.

Load Carrying Capacities of T-beams

i P Tempered

10 - ; with PT

35

30 - Tempered
without PT
25 -

20 -+

15 Float
with PT

10 1 Float

without PT

Crack/Ultimate Load (P) (kN)

Figure 49: Load carrying capacities of the same dimensioned T-beams

4.3. Comparison of Tests, Analytical Models and Hand Calculations

In this section the results for T-beam of finite element models (FEMs), hand
calculations and experiments were compared with load-deflection behavior. The
results were tabulated in Table 19 for T-beam without post tensioning and in Table 20
for post tensioned T-beam. It should be noted again that the results for tests were the
average results of the samples.
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Table 19: Summary of the results for T-beam without post tensioning according to

hand calculations, FEMs, and tests

Summary of the Results for T-beam without PT Results

Float Glass Tempered Glass
Pcrack/ultimate 5max Pcracklultimate 8max
(kN) (mm) (KN) (mm)
Hand Calc. 4.858 0.66 25.19 3.37
FEM 4.858 0.704 25.19 3.64
Test 4.763 0.63 25.69 3.28

Table 20: Summary of the results for post tensioned T-beam according to hand

calculations, FEMSs, and tests

Summary of the Results for T-beam with PT Results

Float Glass Tempered Glass
Pcrack/ultimate Smax Pcrack/ultimate Smax
(kN) (mm) (KN) (mm)
Hand Calc. 10.53 0.81 39.97 3.75
FEM 10.53 0.82 39.97 3.92
Test 11.14 0.75 39.79 4.05

Comparison of hand calculations and FEM analyses with the test results showed good

correlation in the range of about +3%. These results can be deemed as in well

agreement, considering that the glass test results had a scatter of about +4%. It can be

concluded that both hand calculations and FEMs are valid for the design of post-

tensioned glass T-beams.
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CHAPTER 5

SUMMARY AND CONCLUSION

The main aim of this study is to make contribution to the literature of structural glass
with and without post-tensioning. The thesis includes analytical and experimental
work of a T-shaped glass beam taking post-tensioning into consideration. Purpose of
post-tensioning of T-beams is to increase initial fracture capacity and obtain a more
ductile post-fracture performance, which would avoid sudden collapse and provide a
more desirable post-fracture performance. One of the best outcomes of this study is
due to the fact that float glass post cracking strength can be drastically increased and
a ductile post-cracking performance can be obtained.

In this study, firstly, several material tests were conducted in order to confirm the
theoretical mechanical properties of glass for compression and bending (indirect
tension) strength. The values specified from the material tests were used in the
conducted experiments of the T-shaped glass beams.

Three cubes of float glass in 60x60x60 mm dimensions made by placing 10 layers of
60x60x6mm glass were tested in a uniaxial compression test machine in order to
determine compressive strength of float glass. Although surface impurities of glass
layers reduce the compressive strength, the compressive stress at failure divided by
the 60mmx60mm area yielded a compressive strength of 267 MPa (Figure 12), which
is much smaller than the 400 MPa capacity obtained from the literature. Compression
tests were deemed unrealistic and the “multi-layer glass” testing approach was found
to be the reason for low strength and compression tests results were rejected, while
the 400 MPa compressive strength that is available in the literature was accepted.
Float and tempered glass samples were tested in bending for their both weak and
strong axes in order to determine the bending (indirect tension) strength of the glass
used in the T-Beam tests. The samples were loaded from two points until their fracture

and the results were recorded. Characteristic tensile strength and modulus of elasticity
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are calculated according to moment area method and flexure formula. The results are
listed in Table 8. The 5 percentile characteristic tension strength for float glass was
found as 32.64 MPa and for tempered glass it was specified as 169.28 MPa. Modulus
of elasticity was calculated as 62.10 GPa and 62.58 GPa for float and tempered glass,
respectively. Compared with theoretical values, they are deemed realistic and were
taken into account for the T-beam hand calculations and tests. At this point, it should

be noted that, tensile strength of tempered glass in its strong axis was higher than in

its weak axis (169 MPa vs 120 MPa, respectively). The value obtained from its strong
axis was taken into account because in the T-beams tension member’s orientation was
in vertical orientation (strong direction).

After deciding the characteristic values from the material tests, Finite Element Models
(FEM) of the T-beams are modeled and analytical hand calculations are done for the
same types of glass beams. Then, T-shaped annealed (float) and tempered (toughened)
glass beams with and without post-tensioning were tested under 8-point loading.
According to the flexure formula, the maximum load that the T-beams without post-
tensioning can resist was found as 4857.5 N and 25190.5 N for float and tempered
glass beams, respectively. These loads were assigned to the finite element models in
SAP2000 and the stresses were found as 33.12 MPa and 171.25 MPa for float and
tempered glass, respectively.

The experiment results for float and tempered glass without post-tensioning are found
as4762.7 N, 25692.4 N, respectively. The crack stresses are 29.34 MPa for float glass
and 160.04 MPa for tempered glass. According to flexure formula the maximum load
that the T-beams without post-tensioning can resist was found as 10530.1 N, 39965.8
N for float and tempered glass, respectively. These loads were assigned to the finite
element models in SAP2000, and the stresses were found as 32.73 MPa and 169.65
MPa for float and tempered glass, respectively.

The maximum crack load for float and tempered glass with post-tensioning is recorded
as 11.14 kN, and for tempered glass with post-tensioning is recorded 39.79 kN.

The following conclusions are obtained:
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Comparison of the hand, FEM analyses and tests results gave close values;
therefore, analyses are close to the experimental results showing confidence
for design.

Although the capacity of tensile strength increased in tempered glass T-
beam, at its ultimate strength it fractured and collapsed suddenly.
Post-tensioned float glass beam can be considered to have a better post-
fracture performance, which avoids sudden collapse and provides a safer
failure. This application may have revealed that post-tensioned float glass
shows similar behavior as reinforced concrete beams.

The ultimate strength for post-tensioned float glass was improved by about
73 % of the cracking strength.

The cracking strength of post-tensioned float glass was improved by about
134 % of the without post-tensioning strength.

The ultimate strength for post-tensioned tempered glass was improved by
about 55% of the without post-tensioning strength.

The cracking and ultimate deflections as well as the linear extrapolation of
cracking force and ultimate force had a ratio in the order of 15. This shows
a much superior post-cracking performance compared to ordinary
structures.

Design tables formed to guide practitioners were shown to be useful for

selecting reasonable beam member sizes and thicknesses (Appendix A).
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APPENDICES

TABLES FOR QUICK DESIGN OF POST-TENSIONED GLASS T-BEAM

A.
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Figure A. 3
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Figure A. 6
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Figure A. 7
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B. ADDITIONAL FINITE ELEMENT MODEL RESULTS

T-BEAM (Float Glass).sdb

:"l.'lllllllllllllllllllll"‘lll‘:

M0N0 00 40 80 120 1600 200 240 d0NNSANEENEEE

SAP2000 20.1.0 Stress S11 Diagram - Visible Face (DEAD+LIVE) N, mm, C

Figure B. 1: Stress at final case of float glass T-beam without post-tensioning

T-BEAM (Float Glass).sdb

85 30 275 22000165 110 -SSR
SAP2000 20.1.0 Deformed Shape (DEAD+LIVE) N, mm, C

Figure B. 2: Deflection at final case of float glass T-beam without post-tensioning
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T-BEAM (Tempered Glass).sdb

40

60

80 100 120 146

— 20 §
SAP2000 20.1.0 Stress S11 Diagram - Visible Face (DEAD+LIVE) N, mm, C

Figure B. 3: Stress at final case of tempered glass T-beam without post-tensioning

T-BEAM (Tempered Glass).sdb

IEEle0 234 208 132 156 -1 _ 078 9

SAP2000 20.1.0 Deformed Shape (DEAD+LIVE) N, mm,C

Figure B. 4: Defl. at final case of tempered glass T-beam without post-tensioning
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T-beam with PT (Tempered Glass).sdb

+ T

4 196 <168 140 112084 56 SN
SAP2000 20.1.0 Stress S11 Diagram - Visible Face (PT-Transfer + DEAD) N, mm, C

Figure B. 5: Stress at transfer case of post-tensioned tempered glass T-beam

T-beam with PT (Tempered Glass).sdb

el L TTTT TTLLLLLL

TSN s 0 05 0 35 00 35 70 SN

SAP2000 20.1.0 Stress 511 Diagram - Visible Face (PT-Final+DEAD+LIVE) N, mm, C

Figure B. 6: Stress at transfer case of post-tensioned tempered glass T-beam

T-beam with PT (Tempered Glass).sdb

240 -210 -180 -1 ) -0
SAP2000 20.1.0 Deformed Shape (PT-Final+DEAD+LIVE) N, mm, C

Figure B. 7: Deflection of post-tensioned tempered glass T-beam at final case
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